We numerically analyze extraordinary terahertz transmission properties of an array of rectangular shaped apertures perforated periodically on a thin metal film. The apertures are tapered at different angles to achieve higher field concentration at the tapered end. The periodic sub-wavelength scale apertures ensure plasmonic behavior giving rise to the enhanced transmission of a specific frequency mode decided by the periodicity. We compare results of transmission with the rectangular shaped apertures of same parameters and observe a significant increase in the transmission. We have compared results of our numerical simulations with theory and have found them consistent.
Introduction
THz radiation covers a very narrow range of frequencies (0.3-3 THz) and lies between the microwave and infrared regions of the electromagnetic spectrum. It has been explored for its applications and significance in various fields of science and technology including sensing, imaging, medicine and communication [1] [2] [3] [4] . One of the most promising application of THz radiations is THz imaging as it can penetrate the opaque materials such as clothing, paper, cardboard, plastics etc. Also because of the non-ionizing character, they are considered harmless biologically. These features have led to the terahertz imaging applications as a replacement to the X-ray or infrared imaging. Furthermore, terahertz radiations have the ability to provide physical insight of a material that is not accessible using X-ray or infrared radiation [5] . This increases the significance of these radiations.
THz optics has entered a new phase of research in recent years. A lot of research has been reported to realize the THz devices and improve their performance. In this connection, theoretical investigations on the importance of Spoof plasmons in structured medium for the enhancement of THz transmission has been widely reported [6] [7] [8] . Spoof plasmons (SPs) are localized electromagnetic surface wave modes, which can provide an easy way to confine light in subwavelength scales structures. Structures supporting SPs include a metal dielectric interface, metal with corrugations or holes, hybrid planar waveguides etc. [9] [10] [11] [12] . Using the concept of SPs, interesting phenomenon such as extraordinary transmission has been demonstrated experimentally for an array of apertures fabricated in a metal film in the sub-wavelength regime [13] . Extraordinary transmission is the phenomenon of greatly enhanced transmission for an array of periodic apertures because of the generation of SPs in the periodic structure. Experimental as well as theoretical investigations suggesting the importance of geometry of a structure in the transmission properties has been reported and studied in detail [14] [15] [16] . Researchers have examined various shapes and dimensions of the structure including circular, rectangular and square apertures on the terahertz transmission properties. These structures enhance the interaction between the electromagnetic waves and the metal [17, 18] . A 2D array of tapered apertures has been found to efficiently concentrate THz radiation. In 2010, an experimental demonstration by Nguyen et. al reported the transmission properties of a conical tapered aperture fabricated on a metal film and observed an increased concentration of THz radiation at the tapered end. Further enhancement in the concentration was observed by placing periodic apertures in close proximity to the tapered aperture [19, 20] .
The ability to focus and concentrate THz radiation would mean a better implementation of it for various applications including near field imaging, biological sensing and development of optoelectronic devices. Inspired with earlier studies, we report here a new geometry of rectangular tapered apertures patterned in 2-dimensions and study extraordinary terahertz transmission. These structures can be easily fabricated especially in doped silicon making it an experimentally feasible and realizable phenomenon. In this paper, we study the variation of terahertz transmission and concentration by varying the tapering of apertures. The apertures are tapered at different angles and transmission properties are examined in details. As the size of the exit plane is decreased, we calculated a corresponding increase in the transmission efficiency and the concentration magnitude.
Proposed geometry and simulation
In our numerical analysis, we approximated metal with perfect electrical conductor as it behaves like a perfect conductor at terahertz frequencies. Simulations were performed for an array of rectangular apertures perforated on a thin metal film. We performed simulations for three different sizes of the apertures i.e. length's' and width 'w' = 500 μm, 323 μm and 232 μm. The thickness (t=500 μm) and the periodicity of the apertures (p=1mm) was kept fixed throughout the study. The arrays were tapered at different angle 'θ' and the transmission properties were studied for each case. When the THz radiation is incident on the structure, the periodic nature of the array excites SPs on both interfaces of the structure. Although THz radiation cannot penetrate through metal, the geometry of the structure enables the excited SPs to strongly couple through the apertures. This coupling causes an enhancement in the transmission. This enhancement in transmission can be seen at a particular frequency where the SPs are excited and this frequency is decided by the periodicity of the structure. Moreover, as the THz radiation is incident on the tapered structure, a fraction of the incident radiation gets reflected and a fraction of it gets transmitted. Because of the scattering inside the apertures, the transmitted light gets slowed down and is accumulated at the tapered end causing an enhancement in the concentration of field at the tapered end. The numerical simulations were performed using the technique of finite element method. The whole geometry was meshed with grids of size λ/10 indicating a sub-wavelength regime.
Results and Discussions
We used frequency domain solver to obtain the transmission properties of the tapered apertures arranged periodically. Figure 2 (a) and 2(b) shows the transmission amplitude for an array of tapered apertures in comparison with the reference apertures. In figure 2(a) , blue traces shows the transmission amplitude for the tapered apertures with tapering angle θ = 10°, having D 1 =500 μm, D 2 = 323 μm, and the red traces represents the transmission amplitude for an array of rectangular nontapered apertures having length 's' and width 'w' both 323 μm which is considered as reference. In figure 2 (b), we obtained transmission amplitude for another tapering angle θ = 15° with D 1 unchanged. In this case if one calculate D 2 for the same thickness, then it turns out to be 232 μm. The blue and red traces represents tapered and non-tapered array of apertures respectively. In both cases, it is evident that the transmission is greater for the tapered aperture as compared to the nontapered reference aperture. We calculated more than 20 times enhancement in the transmission amplitude for tapering angle 15° compared with the rectangular apertures. Figure 3 shows the transmission efficiency of the tapered apertures in comparison with the reference apertures. The transmission efficiency for an aperture is calculated using the formula t x E ( ) = t x E ( ) t 500μm
, where x is the dimension for the tapered aperture or the reference aperture. The quantity x ranges from 232 μm to 323 μm for different tapering angles. Here, the quantity t x E ( ) is the relative spectral transmission efficiency of any aperture relative to the input.
The value t 500μm E ( ) gives the transmission amplitude for an array of rectangular apertures having length and width= 500 μm. Figure 3 respectively. One may note that there is a significant enhancement in the efficiency as we increase the tapering angle. In our analysis, we calculated about 25 times enhancement in the transmission efficiency for tapering angle of 15°compared with the rectangular apertures. Next, we calculate the concentration factor of the terahertz field at the tapered end. The amplitude concentration factor is given by E ( ) = t x,TA
, where x is the dimension of the aperture.
The results are shown in figure 4 for different tapering angles. one can control the transmission efficiency and the concentration factor by changing the angle through which the apertures are tapered. The analysis could be significant for the application where strong terahertz field concentration is required such as near field imaging, sensing etc. It will further help the researcher to design the experiments in this direction.
Conclusion
In conclusion, we numerically examined the terahertz transmission properties of the periodically arranged apertures tapered at different angles and compare results with the rectangular apertures of same parameters. We observed a significant increase in the transmission amplitude as well as transmission efficiency for the tapered apertures. A subsequent increase in the transmission efficiency as well as concentration of field was noticed as we decreased the size of the aperture at the exit plane. For an apertures tapered at 15°, we calculated a 20 fold increase in transmission and 25 time enhancement in the efficiency compared to the rectangular apertures of same size at the input plane. The terahertz transmission properties can be controlled with the tapering angle as well as the other parameters of the apertures. Our study could be significant for near field imaging technology and in the development of devices operating in the THz domain.
